Background. Patients with chronic kidney disease (CKD) are at risk for progression to kidney failure. Using data of Canadian CKD patients, Tangri et al. recently developed models to predict the progression of CKD stages 3-5 to kidney failure within 5 years. We validated this kidney failure risk equation (KFRE) in European CKD patients. Methods. We selected non-transplanted patients with CKD stages 3-5 who participated in the MASTERPLAN study, a randomized controlled trial in patients with CKD. Kidney failure was defined as the initiation of chronic dialysis or kidney transplantation within 5 years. Patients who died before kidney failure were censored. Patients followed for <5 years, who did not develop kidney failure and did not die, were excluded. The 5-year kidney failure risk was predicted using three different models developed by Tangri et al. and compared with the actual kidney failure rate in MASTERPLAN. Model performance was evaluated using the area under the receiver operating characteristic curve (ROC-AUC), the net reclassification index (NRI) and by comparing the observed and predicted rates of kidney failure.
A B S T R AC T
Background. Patients with chronic kidney disease (CKD) are at risk for progression to kidney failure. Using data of Canadian CKD patients, Tangri et al. recently developed models to predict the progression of CKD stages 3-5 to kidney failure within 5 years. We validated this kidney failure risk equation (KFRE) in European CKD patients. Methods. We selected non-transplanted patients with CKD stages 3-5 who participated in the MASTERPLAN study, a randomized controlled trial in patients with CKD. Kidney failure was defined as the initiation of chronic dialysis or kidney transplantation within 5 years. Patients who died before kidney failure were censored. Patients followed for <5 years, who did not develop kidney failure and did not die, were excluded. The 5-year kidney failure risk was predicted using three different models developed by Tangri et al. and compared with the actual kidney failure rate in MASTERPLAN. Model performance was evaluated using the area under the receiver operating characteristic curve (ROC-AUC), the net reclassification index (NRI) and by comparing the observed and predicted rates of kidney failure.
Results. A total of 595 patients were included; 114 developed kidney failure. (Overall observed kidney failure risk in our cohort was 5% lower than in the Canadian validation cohort.) Discrimination of the eight-variable model [including age, sex, estimated glomerular filtration rate (eGFR), albuminuria, calcium, phosphate, bicarbonate, albumin] was similar to that of the four-variable model (including age, sex, eGFR, albuminuria) and the three-variable model (including age, sex, eGFR); ROC-AUCs were 0.89 [95% confidence interval (CI) 0.86-0.92], 0.88 (95% CI 0.85-0.91) and 0.88 (95% CI 0.85-0.92), respectively. Using the NRI, the eight-variable model slightly outperformed the four-variable model (NRI 6.5%) and the three-variable model (NRI 12.4%). The mean differences between the observed and predicted kidney failure risk were −4.0, −7.1 and −7.4% for the eight-, four-, and three-variable model, respectively. Conclusions. The KFRE accurately predicted the progression to kidney failure in European CKD patients. Discrimination of the three models was similar. Calibration of the eightvariable model was slightly better than that of the simpler models. We question whether this outweighs its added complexity.
I N T R O D U C T I O N
Chronic kidney disease (CKD) is a major public health problem worldwide [1] . Patients with CKD are at risk for progression to kidney failure [1, 2] , which can be prevented or delayed by early detection and treatment of CKD [3] . However, treatment adds costs and may also have adverse effects. Treatment-related decisions are now often guided by the severity of CKD, based upon estimated glomerular filtration rate (eGFR) and albuminuria. However, these data are considered inadequate to predict the progression to kidney failure [4, 5] , neither extrapolation of reciprocal creatinine plots is reliable in predicting the onset of dialysis [6] , resulting in treatment delays in those who progress to kidney failure and unnecessary treatment in those who do not progress [5] . Accurate prediction of kidney failure risk could help balance the risks and benefits of treatment, and facilitate decision-making in individual patients. Moreover, accurate risk prediction would support policy makers in dialysis capacity planning.
Until recently, no generalizable prediction model was available. Using data of Canadian CKD patients, Tangri et al. developed models to predict the progression of CKD stages 3-5 to kidney failure within 5 years [5] . The models used clinical parameters and routinely available laboratory data. The most accurate model was an eight-variable model, including age, sex, eGFR, albuminuria, calcium, phosphate, bicarbonate and albumin [5] . The authors reported promising model performance in Canadian CKD patients [5] , but the models were not validated in other cohorts. In this study, we validated the kidney failure risk equation (KFRE) in European CKD patients.
M AT E R I A L S A N D M E T H O D S
We selected non-transplanted patients with CKD stages 3-5 from the MASTERPLAN (Multifactorial Approach and Superior Treatment Efficacy in Renal Patients with the Aid of Nurse practitioners) study. The MASTERPLAN study is a randomized controlled trial that evaluated the added value of nurse practitioner care in reducing cardiovascular events and attenuating the decline of kidney function in patients with prevalent CKD. Patients were randomized to receive nurse practitioner support added to physician care (intervention group) or physician care alone (control group). Rationale, design and outcome have been published elsewhere [7] [8] [9] . Ethics committee approval was obtained as well as written informed consent of all participants. For the analysis of renal endpoints, follow-up was extended until a median follow-up time of 5.7 years.
In the present study, the outcome of interest was kidney failure, defined as the initiation of chronic dialysis or kidney transplantation within 5 years. Patients who died before kidney failure were censored, since the KFRE was developed to predict kidney failure and not mortality [5] . Patients followed for <5 years, who did not develop kidney failure and did not die, were excluded. Patients with CKD stages 3 and 4 were also evaluated separately.
The baseline data of the MASTERPLAN study were used to predict 5-year kidney failure risk by the models that Tangri et al. developed. Next to the most accurate eightvariable model, we also evaluated the four-and three-variable models, to determine whether the benefits of the eightvariable model outweigh its added complexity (Supplementary Figure S1 ).
Missing data were imputed using an expectation-maximization algorithm [10] (single imputation).
To convert urine albumin-to-creatinine ratio (ACR) to milligram/gram, the milligram/millimole value was multiplied by 8.84. To convert serum calcium to milligram/decilitre, the millimole/litre value was multiplied by 4.01. To convert serum phosphate to milligram/decilitre, the millimole/litre value was multiplied by 3.10. To convert serum albumin to gram/decilitre, the gram/litre value was multiplied by 0.1.
To estimate GFR, the abbreviated MDRD formula [11] was used, as Tangri et al. also used this formula. Calibrated creatinine values were used.
In MASTERPLAN, variable values were not always within the range of allowed values in the KFRE. Therefore, values outside the allowed range were adjusted as dictated by Tangri et al.: if the value was below the minimum value, the minimum value was used. If the value was above the maximum value, the maximum value was used [5] .
In our study, we used the KFRE to discriminate CKD patients who would develop kidney failure within 5 years from those who would not. The observed kidney failure rate (on the basis of MASTERPLAN follow-up data) was the reference. Because the outcome of the KFRE can be anywhere between 0 and 100%, a cut-off point, the point on the continuum between 'normal' and 'abnormal', should be defined. The definition of a cut-off point is arbitrary. At every possible cut-off point, there is a different sensitivity (true-positive rate) and specificity (true-negative rate). In a receiver operating characteristic (ROC) curve, the sensitivity is plotted against 1-specificity (false-positive rate) over a range of cut-off values [12] . In this way, a ROC curve shows the performance of a test, without the definition of one specific cut-off point. ROC curves are particularly valuable ways of comparing alternative tests for the same diagnosis. The overall accuracy of a test can be described as the area under the ROC curve (AUC); the larger the area, the better the test [12] . An area of 0.5 reflects the diagonal (the predictive performance of 'tossing a coin') and an area of 1.0 reflects perfect discrimination (sensitivity and specificity both 100%). We compared the ROC-AUCs from the three KFRE models by a method described by Hanley and McNeil [13] . At P-values of <0.05, we considered ROC-AUCs to be different.
Calibration describes the agreement between the predicted risks and observed frequencies of the outcome. We created quintiles of predicted risk and compared the observed and predicted rate of kidney failure. Calibration was tested by the Hosmer-Lemeshow test [14] .
Reclassification assesses the movement of patients from one risk category to another when different prediction models are used. We used the net reclassification improvement (NRI) statistic to quantify reclassification. Risk categories of 0-9.99, 10-19.99 and ≥20% 5-year risk of kidney failure were considered as low, intermediate and high risk, respectively.
Analyses were performed with PASW Statistics 18 (SPSS Inc., Chicago, IL). Comparisons of ROC-AUCs were performed with Stata 11.1 (StataCorp LP, College Station, TX).
R E S U LT S
Out of the 788 participants in MASTERPLAN, 642 were nontransplanted patients with CKD stage 3-5 at baseline. Of these 642 patients, 114 developed kidney failure within 5 years, 59 patients died within 5 years before kidney failure developed and 422 patients were followed for at least 5 years and did not develop kidney failure. There were 47 patients followed for <5 years, who did not develop kidney failure and did not die. These 47 patients were excluded.
In 37 patients, one or more values from the eight-variable risk prediction model were missing. ACR was imputed in 26 patients, serum albumin in 3 patients, serum phosphate in 2 patients, serum bicarbonate in 10 patients and serum calcium in 2 patients. In 34 patients, one value was imputed, in 2 patients, two values were imputed and in 1 patient, five values were imputed.
Baseline characteristics of the 595 included patients are shown in Table 1 . Compared with the Canadian cohorts [5] , our patients were younger, more often male, less often diabetic and more often had a history of smoking. Furthermore, our patients had higher diastolic blood pressure, higher serum calcium, lower serum phosphate and higher ACR levels.
Supplementary Table S1 shows the values that were outside the allowed range, and thus adjusted to be used in the KFRE.
The observed versus predicted 5-year kidney failure risk using the three models are shown in Figure 1 . All models showed a lower observed than predicted incidence, with only minor differences in calibration between the models. The overall mean differences between the observed and predicted kidney failure risk were: eight-variable model −4.0% (P = 0.03), four-variable model −7.1% (P = 0.05) and threevariable model −7.4% (P = 0.06). Calibration plots are shown in Supplementary Figure S2 .
In our study population, ROC-AUCs for the three different models were similar: 0.89 [95% confidence interval (CI) 0.86-0.92], 0.88 (95% CI 0.85-0.91) and 0.88 (95% CI 0.85-0.92) for the eight-, four-and three-variable model, respectively (P = 0.32) (Figure 2 ). These ROC-AUCs are slightly smaller than the c-statistics reported by Tangri et al.: 0.92, 0.91 and 0.89 for the eight-, four-and three-variable model, respectively [5] . Table 2 shows ROC-AUCs calculated after restricting analysis to patients with CKD stage 3; another separate Values are given as mean (SD), percentage or median (interquartile range). eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; ACR, albumin-to-creatinine ratio. analysis was performed restricted to CKD stage 4. Although the eight-variable model performed better than the four-and three-variable model in CKD stage 3 (P = 0.02), this conclusion is weakened by the low number of kidney failure events in this subgroup. In Table 3 , the summarized results of the reclassification analyses are shown. The complete analyses are shown in Supplementary Table S2 . Overall, the NRI of the eight-variable model was 12.4% compared with the three-variable model and 6.5% compared with the four-variable model. Overall, the NRI of the four-variable model was 7.9% compared with the threevariable model.
D I S C U S S I O N
In this study, we show that the KFRE accurately predicted the progression to kidney failure in European CKD patients. Calibration of the eight-variable model was slightly better than that of the simpler models. Using the NRI as a measure of reclassification, the eight-variable model was superior. However, the meaning of the NRI is dependent on the clinical relevance of the chosen threshold values [15] . In our NRI calculation, the thresholds were set arbitrarily. Therefore, we are reluctant to build a conclusion merely on the NRI score, and we question whether the small advantage of the eight-variable model outweighs its added complexity. In addition, when discrimination was evaluated using ROC-AUCs (which are particularly useful for investigating the extent to which a biomarker improves the predictive performance of a risk model [15] ), performance was similar across all three models.
It is difficult to judge the clinical utility of the predictive models by using ROC-AUCs or NRIs. Therefore, we have tried to provide some more information by calculating test characteristics using a cut-off value of 80% as high-risk predictor and in a separate analysis 20% as low-risk predictor (Supplementary Table S3 ).
We hypothesized that at very low eGFR, the actual GFR is most important in the prediction of progression of CKD to kidney failure. The additional variables included in the eightvariable model (serum calcium, phosphate, bicarbonate and albumin) may, therefore, play a more important role predicting kidney failure in CKD stage 3 than in the higher CKD stages. This is why we evaluated the KFRE models' performance separately in CKD stages 3 and 4. (The number of patients with CKD stage 5 was too small to draw a conclusion.)
In CKD stage 3, the eight-variable model indeed seemed slightly more accurate than the four-and three-variable models. However, kidney failure event rate was very low (4%). In CKD stage 4, discrimination was similar for all three models. In line with our hypothesis, other variables appear to have limited prognostic value beyond that of eGFR in patients with CKD stage 4. We therefore suggest that the value of the KFRE is larger in patients with CKD stage 3 compared with CKD stage 4, although a firm conclusion cannot be drawn.
In the Canadian validation cohort, kidney failure rate was higher than in the development cohort [5] . Consequently, the observed kidney failure risk was higher than predicted. In our population, kidney failure rate was also higher than in the development cohort (19 versus 11%) . Therefore, also in our population, one would expect the observed kidney failure risk to be higher than predicted; however, the opposite was true (Figure 1, Supplementary Figure S2 ). This could be due to improved quality of care during the study period [9] . Our population was selected from a trial. This may limit the generalizability of our results. Moreover, the care that our patients received may not be representative for standard practice and may have influenced the outcome of our validation. Another explanation for differences between our results and Tangri's could be differences in case mix: prevalence of diabetes, nephrological diagnosis and cardiovascular risk. In addition, differences in life style could play a role.
We imputed one or more missing values in 37 patients. This represents clinical practice, because not all patients will have complete data. Furthermore, imputation of missing values is superior to complete case analysis [16] . We excluded patients who were followed for <5 years and did not develop an endpoint. This could have introduced selection bias.
We already described the importance of accurate risk prediction of CKD progression to kidney failure in treatmentrelated decision-making. Furthermore, it is well known that implementation of guidelines is rather difficult and treatment goals are often not met in renal patients [17] [18] [19] [20] . Inclusion of a risk prediction model in an osteoporosis treatment guideline improved guideline adherence [21] . Similarly, the KFRE models could also become important improving guideline adherence in renal patients. Further, the outcome of the prediction model might stimulate patients in their therapeutic compliance.
As Tonelli and Manns [22] already mentioned, another important value of the risk prediction score would be to identify patients who would benefit most from referral. This also includes (early) referral to specialized predialysis or pretransplant care in patients with high risk for kidney failure; alternatively, patients with low risk for kidney failure may be referred back to primary care or general internal medicine care. As in the Canadian cohorts, all patients included in the MASTERPLAN study were already under the care of a nephrologist.
Therefore, the KFRE should also be validated in the general population or a primary care cohort. However, when a secondary care model is validated in a primary care setting, its predictive performance is usually decreased, because distribution of the outcome and predictive factors are different. Updating the model by recalibration, including adjustment of the intercept and relative weights of predictors, should then be considered [23] .
In conclusion, the KFRE accurately predicted the progression to kidney failure in European CKD patients. Discrimination of the three models was similar. Calibration of the eight-variable model was slightly better than that of the simpler models. We question whether this outweighs its added complexity. 
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